Glycoconjugate vaccines based on isolated capsular polysaccharide (CPS) save millions of lives annually by preventing invasive pneumococcal disease caused by Streptococcus pneumoniae. Some components of the S. pneumoniae glycoconjugate vaccine Prevnar13 that contains CPS antigens from 13 serotypes undergo modifications or degradation during isolation and conjugation, resulting in production problems and lower efficacy. We illustrate how stable, synthetic oligosaccharide analogs of labile CPS induce a specific protective immune response against native CPS using S. pneumoniae serotype 5 (ST-5), a problematic CPS component of Prevnar13. The rare aminosugar L-PneuNAc and a branched L-FucNAc present in the natural repeating unit (RU) are essential for antibody recognition and avidity. The epitope responsible for specificity differs from the part of the antigen that is stabilized by chemical modification. Glycoconjugates containing stable, monovalent synthetic oligosaccharide analogs of ST-5 CPS RU induced long-term memory and protective immune responses in rabbits superior to those elicited by the ST-5 CPS component in multivalent Prevnar13.
Glycoconjugate vaccines based on isolated capsular polysaccharide (CPS) save millions of lives annually by preventing invasive pneumococcal disease caused by Streptococcus pneumoniae. Some components of the S. pneumoniae glycoconjugate vaccine Prevnar13 that contains CPS antigens from 13 serotypes undergo modifications or degradation during isolation and conjugation, resulting in production problems and lower efficacy. We illustrate how stable, synthetic oligosaccharide analogs of labile CPS induce a specific protective immune response against native CPS using S. pneumoniae serotype 5 (ST-5), a problematic CPS component of Prevnar13. The rare aminosugar L-PneuNAc and a branched L-FucNAc present in the natural repeating unit (RU) are essential for antibody recognition and avidity. The epitope responsible for specificity differs from the part of the antigen that is stabilized by chemical modification. Glycoconjugates containing stable, monovalent synthetic oligosaccharide analogs of ST-5 CPS RU induced long-term memory and protective immune responses in rabbits superior to those elicited by the ST-5 CPS component in multivalent Prevnar13.
glycoconjugate | vaccine | S. pneumoniae | serotype 5 | carbohydrate chemistry P neumococcal infections continue to cause millions of fatalities among children and the elderly despite the widespread use of glycoconjugate vaccines (Synflorix, Prevnar13) (1). These vaccines aim at inducing an immune response against bacterial capsular polysaccharide (CPS) not present on human cells (2) . Streptococcus pneumoniae is a Gram-positive human pathogen covered by CPS that is diverse and contains rare sugars (3, 4) . All currently marketed pneumococcal vaccines (5) are manufactured using CPS isolated from the surface of S. pneumoniae.
S. pneumoniae serotype 5 (ST-5) is the fifth most prevalent among more than 90 S. pneumoniae serotypes with different CPS, causing invasive pneumococcal disease among young children globally (6, 7) . Marketed glycoconjugate vaccines are not fully efficacious in preventing ST-5 infections (8) . A change in the CPS glycan structure during antigen isolation and purification such that the ST-5 antigens no longer sufficiently resemble the native CPS may compromise vaccine efficacy (9, 10) . Manufacturing glycoconjugate vaccines such as for ST-5 can be problematic when CPS contains labile groups (11) (12) (13) .
The ST-5 repeating unit (RU) structure was assigned in 1985 following the initial classification in 1929 (3, (11) (12) (13) (14) . The branched pentasaccharide ST-5 CPS RU 1 contains a central N-acetyl-L-fucosamine (L-FucNAc) amino sugar that is linked to D-glucose at C4 and to D-glucuronic acid at C3 (Fig. 1A) . Two rare deoxyamino sugars, the ketoamino sugar 2-acetamido-2,6-dideoxy-D-xylose-hexos-4-ulose (Sugp) and N-acetyl-L-pneumosamine (L-PneuNAc), complete the RU.
Marketed glycoconjugate vaccines are manufactured from either native or depolymerized CPS (15) that is typically coupled to a carrier protein via reductive amination following isolation. The keto group present in the rare sugar Sugp is partially or fully reduced to form a mixture of ST-5 CPS components and degrades during ST-5 glycoconjugate production (10) . The complex CPS thus generated is characterized by variable RUs, leading to manufacturing issues and decreased immunogenicity compared with the native ST-5 CPS (10).
Defined synthetic antigens are essential tools to identify protective glycan epitopes for the development of semisynthetic glycoconjugate vaccines (2) . Employing synthetic ST-5 glycans based on the CPS RU provides valuable insights into how changes to the natural ST-5 CPS may influence antigen stability and immunogenicity. A flexible total synthesis approach had to be conceived to provide access not only to the natural keto containing RU 1 but also to the reduced forms of 1, particularly oligosaccharides 2, 3, and 4 (Fig. 1A) . General aspects of vaccine design relating to the effect of branching, length, and the role of unique sugars like L-PneuNAc and Sugp on overall immunogenicity and protection in the context of the RU 1 had to be considered. A series of oligosaccharides related to the RU of ST-5 CPS equipped with a reducing end linker were synthesized to be fixed on glycan arrays Significance Each year, Streptococcus pneumoniae infections cause millions of deaths worldwide. The capsular polysaccharide (CPS) based glycoconjugate vaccine Prevnar13 prevents serious illness caused by 13 serotypes. S. pneumoniae serotype 5 (ST-5) is included in the vaccine; however, it suffers from production problems due to modifications or degradation during isolation and conjugation. A medicinal chemistry approach helped to understand the structural features of ST-5 CPS and design a stable semisynthetic oligosaccharide-based vaccine candidate. Oligosaccharide leads for immunological evaluations in vivo were identified employing glycan microarrays. The stable monovalent ST-5 oligosaccharide glycoconjugate vaccine candidate showed a superior immune response in rabbits when compared with the ST-5 CPS present in the multivalent vaccine Prevnar13.
and conjugated to the carrier protein diphtheria toxin mutant CRM197, currently used in the vaccine Prevnar13 (16) .
A retrosynthetic analysis of the ST-5 RU revealed the need for five differentially protected monosaccharide building blocks (5-9). The assembly of reduced ST-5 RU glycans 2 and 3 (Fig. 1B) requires the procurement of the rare amino sugars L-pneumosamine (9) via a novel synthetic route, as little attention has been paid to this sugar (17) (18) (19) modified literature protocols (20, 21) (Fig. 1B) . The synthetically challenging branched 3,4-substituted L-fucosamine has to be installed early in the oligosaccharide syntheses to avoid issues related to sterics and reactivity. D-Fucosamine and L-pneumosamine will be added sequentially at the end of the assembly process (Fig. 1B) . Finally, reduction and acetylation of the azido groups followed by global deprotection will provide the desired glycans. The synthesis commenced with the procurement of the differentially protected monosaccharide building blocks. While known synthetic approaches to L-fucosamine building blocks are sufficient (22) (23) (24) , the few routes to L-pneumosamine suffer from low yields (17) (18) (19) . The azido-phenylselenation reaction was selected as key to access mainly L-fucosamine (8) and less L-pneumosamine (9) from L-fucal (10) (22) (Scheme 1A). Protecting group manipulations of 11 and 12 provided nucleophile 5 and glycosylating agent 9, respectively (Scheme 1A). D-fucosamine 8 was derived from D-fucal using the same approach (SI Appendix, Scheme S1). The syntheses of differentially protected D-glucose 6 (20) and D-glucuronic acid 7 building blocks followed established procedures (SI Appendix, Scheme S2).
Using the building blocks that were designed for potential access to the complete RU including the Sugp residue, several saccharides were synthesized for microarray analyses to identify immunodominant fragments of the RU (Fig. 2A) . While the synthetically challenging Sugp was included in this microarray analysis, the binding pattern seen after incubation with two different sera strongly suggested that the GlcA-PneuNAc branch is the most important substructure for tight antibody binding. A rabbit serum used to identify ST-5 strains in serotyping procedures showed strong reactivity to disaccharide 21 representing the branch, followed by the PneuNAc monosaccharide 23 in 
No Inhibitor . The bound antibodies were detected using fluorescently labeled secondary antibodies. For the inhibition study, sera were preincubated with ST-5 CPS (10 μg/mL) and ST-2 CPS (10 μg/mL) as a control. ST-2 CPS was used as control because it resembles ST-5 CPS containing a branched linkage, a common GlcA moiety, and three deoxy sugars. Printed arrays were incubated with the above sera, and inhibition was analyzed by using fluorescently labeled secondary antibodies. Mean fluorescence intensities (MFI) of inhibition assay with (C) rabbit typing serum and (E) human reference serum (007sp) are shown. Data are represented as mean ± SD of duplicate determinations. alpha configuration with already comparatively lower signals ( Fig. 2 B and C) .
Importantly, an inhibition assay using native ST-5 CPS to capture ST-5-specific antibodies led to high degrees of signal suppression for all recognized oligosaccharides. The human reference serum pool 007sp (25) was used to confirm the findings of the rabbit serum but revealed a less clear picture (Fig. 2 D and  E) . Analogous to the rabbit serum, the PneuNAc containing glycans 21, 23, and 24 showed higher degrees of signal suppression compared with the other oligosaccharides, suggesting that the branch is also important for reactivity in humans, the ultimate recipients of vaccines. After identifying the branch as immunodominant, we focused the RU synthesis on the more accessible reduced glycans 2, 3, and 4 that were expected to be more stable than a Sugp containing compound.
The assembly of pentasaccharide 2 began with the synthesis of branched trisaccharide 28 (Scheme 1B). Glycosylation of the axial C4-hydroxy group in 5 with glycosylating agent 6 gave β-configured disaccharide 25. The participating levulinic ester was exchanged for a benzyl ether before p-methoxy benzyl (PMB) ether cleavage to furnish nucleophile 27. Glycosylation of 27 with thioglucoside 7 gave the desired trisaccharide 28 as a single anomer. The anomeric linkages of trisaccharide 28 were ascertained unambiguously by 1D z-filtered total correlation spectroscopy (zTOCSY) NMR measurements upon removal of the levulinic ester (SI Appendix, Fig. S1 ).
Trisaccharide imidate 29 was obtained from 28, by desilylation and formation of the glycosyl imidate. Glycosylation using D-FucNAc building block 8 furnished tetrasaccharide 30 (Scheme 1B). Cleavage of the temporary levulinic ester protecting group in 30 produced nucleophile 31. Glycosylation of 31 with L-pneumosazide 9 gave fully protected α-linked pentasaccharide 32. Branched pentasaccharide 2 was obtained by converting the azides in 32 to N-acetyl moieties using thioacetic acid followed by global deprotection via hydrogenolysis (Scheme 1B).
The synthesis of branched pentasaccharide 3 (Fig. 1A) containing a reducing end N-acetyl-D-quinovosamine (D-QuiNAc) began with D-FucNAc building block 8 (SI Appendix, Scheme S1). The D-QuiNAc acceptor 37 was engaged in the synthesis of pentasaccharide 3 in a manner analogous to nucleophile 8, following the reaction sequences detailed for the synthesis of 2 (SI Appendix, Scheme S3). To better understand the role played by the unique amino sugars and branching in the ST-5 RU, a series of related sequences, including the linear tetrasaccharide 4 (Fig.  1A) , were synthesized (SI Appendix, Scheme S4). Attempts to synthesize the natural ketone-containing RU 1 did not meet with success, as the intermediate ketone proved highly unstable and could not be isolated in pure form.
Reanalysis of the rabbit typing serum employing an extended glycan array (SI Appendix, Fig. S2 ) illustrated that the epitope recognized by anti-ST-5 CPS antibodies expanded beyond the disaccharide branch, with much stronger recognition of pentasaccharides 2 and 3 compared with the previous lead, disaccharide 21 (SI Appendix, vaccine setting. Glycan array analyses of anti-Prevnar13 rabbit serum gave similar results (SI Appendix, Fig. S4 ). Based on insights concerning epitope size and the immunological response, pentasaccharide 2 and linear tetrasaccharide 4 were chosen for immunological evaluation, as they are significantly easier to synthesize than 3. Glycans 2 and 4 were conjugated to the carrier protein diphtheria toxin mutant CRM197 (SI Appendix, Fig. S5A ) using the p-nitrophenyl adipate ester conjugation method (26) for single-point attachment and facile removal of excess coupling reagent, thus avoiding the formation of unwanted linker antibodies (27, 28) . The glycoconjugates CRM197-2 and CRM197-4 contained 12 and 11 glycans per protein, respectively (SI Appendix, Fig. S5 B and C) . Any new glycococonjugate vaccine lead compound against pneumococci has to induce a robust antibody response, as evidenced by a serological assay, antibody-mediated opsonic activity, and a long-term memory response laid out in the World Health Organization guidelines for pneumococcal glycoconjugate vaccines (29) (30) (31) . Mindful of these requirements, the vaccine potential of glycoconjugates CRM197-2 and CRM197-4 was evaluated employing a multiarm study in rabbits, a reliable species for pneumococcal vaccination (32). CRM197-2 and CRM197-4 (10 μg of glycan per immunization) formulated with the adjuvant aluminum hydroxide were injected s.c. (Fig. 3A) , and the immune response was assessed using glycan arrays (Fig. 3 B-E ). CRM197-2 conjugate stimulated more cross-reactive antibodies than CRM197-4 against oligosaccharide 3 and the native ST-5 CPS. These results emphasize the importance of the D-glucose residue, present in 2 but not in 4, as vital for antibody recognition and cross-reactivity. The ST-5 epitope responsible for specificity (L-PneuNAc, D-Glc) differs from the reducing end sugar (D-FucNAc) modified to enhance stability (Fig.  3F) . The branched pentasaccharide 2 is more immunogenic and a better mimic of the native ST-5 CPS, as conjugate CRM197-2 produced CPS-specific cross-reactive antibodies titers, in contrast to linear tetrasaccharide conjugate CRM197-4 (33, 34) (Fig. 4  A and B) .
Antibodies produced in response to glycoconjugate vaccines are only protective when they bind to the native CPS on the pneumococcal surface. The phagocytic activity of anti-CPS antibodies is a major protective mechanism against pneumococci that is governed by fixing the complement on the surface of bacteria (35) . To this end, UV-inactivated pneumococcal bacteria were incubated with antibodies raised against CRM197-2 (gray histogram, Fig. 4C ) and CRM197-4 (black histogram) conjugates and were analyzed by flow cytometry (Fig. 4C) .
Given the limited accessibility of an ST-5 animal challenge model, the functional relevance of antibodies induced in response to immunization with CRM197-2 or CRM197-4 was tested using the standard pneumococcal opsonophagocytic killing assay (OPKA) employing an HL-60 cell line as a phagocyte source (36) . Both CRM197-2 and CRM197-4 conjugates generated opsonizing antibodies that promoted the killing of pneumococci (Fig. 4 D and E) in an antibody titer-dependent fashion (Fig. 4A) . Antibodies induced by monovalent CRM197-2 and CRM197-4 were compared with anti-Prevnar13 antibodies to address the question whether semisynthetic vaccines based on synthetic glycan antigens can provide a more robust antibody response and protection than traditional CPS conjugates. Antibodies induced by both of these monovalent semisynthetic glyconjugates showed better opsonization than those raised against the CPS containing multivalent vaccine Prevnar13. CRM197-2 antibodies showed a significantly greater response than CRM197-4 antibodies (Fig. 4 D and E) , thereby proving the potential of synthetic oligosaccharides to generate CPS-specific antibodies. Thus, the above OPKA data should correlate well with an ST-5 challenge model, based on similar observations in the literature (28, 37) . Opsonic activities needed for protection are not governed by titers alone but also by antibody avidity, which describes an entropydriven improvement of antibody binding due to multivalency (38) . This effect can be probed by binding experiments in the presence of a chaotropic, avidity-disrupting salt such as ammonium thiocyanate (NH 4 SCN) (39) (Fig. 4F) . To further validate the attributes of antibodies generated using synthetically modified glycans, the 50% avidity index (AI) was calculated for sera of animals immunized with glycoconjugates CRM197-2, CRM197-4, and Prevnar13 compared with the NH 4 SCN-free samples against ST-5 CPS (Fig. 4G) . Antibodies raised against the CRM197-2 conjugate exhibited a relatively high avidity (3.9 M), while those raised against CRM197-4 conjugate and Prevnar13 displayed relatively low avidities (0.85 and 1.4 M, respectively) (36). These observations demonstrate that the monovalent semisynthetic CRM197-2 is a better glycoconjugate vaccine candidate than CRM197-4 and the ST-5 CPS glycoconjugate present in multivalent Prevnar13. Thus, synthetic ST-5 RU 2 was identified as a lead compound for glycoconjugate vaccine development in preclinical studies.
To compare ST-5 semisynthetic glycoconjugate CRM197-2 and ST-5 CPS glycoconjugate present in multivalent Prevnar13, rabbits were immunized with 2.2 μg of the glycan, a dose equivalent to that used in the Prevnar13. The ELISA results suggest that the CRM197-2 conjugate produces much higher antibody titers than Prevnar13 (Fig. 5A and SI Appendix, Fig.  S6 ), with significantly higher opsonophagocytic killing properties (Fig. 5B) . Prevnar13 containing glycoconjugates of multiple serotypes was utilized in this study as a reference, with the knowledge that the presence of additional serotypes can decrease the efficacy of individual serotypes in the vaccine (40, 41) .
Effective vaccines induce a long-term protective memory immune response that requires the presence of antibodyproducing memory B cells. The memory B-cell response to CRM197-2 was determined over a period of 4 mo using the established prime boost regimen (Fig. 5C ). Once antibody levels dropped to baseline, a CRM197-2 booster dose was administered on day 119. The additional dose recalled antibody levels to day 35 levels as assessed by analysis of CPS-specific antibodies by ELISA and OPKA. Clearly, the semisynthetic ST-5 glycoconjugate CRM197-2 induced a robust immunological memory (Fig. 5 C and D) . In summary, a medicinal chemistry approach to vaccine discovery yielded a promising candidate to protect from S. pneumoniae ST-5. While ST-5 CPS is contained in the multivalent vaccine Prevnar13, it suffers from serious production problems and varying efficacy that is caused by the presence of labile functional groups in the CPS. A series of oligosaccharides resembling the ST-5 RU were synthesized. Glycan array analyses of human reference sera and immunization experiments in rabbits identified the rare aminosugar L-PneuNAc, as well as branching, as key to antibody recognition and avidity. Oligosaccharide 2 containing a secondary alcohol in place of the labile ketone in native ST-5 CPS 1 resulted in improved antibody titers and opsonic activity compared with Prevnar13 that contains natural ST-5 CPS. The medicinal chemistry approach allowed for the identification of key epitopes and the replacement of nonessential, labile entities, that create production problems, with closely related, stable functional groups. Synthetic chemistry provides a solution to vaccine manufacturing problems associated with S. pneumoniae ST-5 vaccines by increasing stability, immunogenicity, and protection.
Materials and Methods
Oligosaccharide antigens were synthesized using standard protocols and conjugated to CRM197. Synthetic antigens were printed on NHS-activated microarray slides. Immunization (approved by the Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern) was carried out using Zikka rabbits, and the immune response was analyzed by microarrays and ELISA. The functional attribute of the immune response was monitored by OPKA using HL-60 cells. Detailed materials and methods can be found in SI Appendix.
